The three avian polyomaviruses budgerigar fledgling disease virus types 1 to 3 (BFDV-1 to -3) contain genomes of identical size, 4981 bp. 
Introduction
Budgerigar fledgling disease virus (BFDV; Bozeman et al., 1981) , now known as BFDV-1 (Stoll et al., 1993) was the first avian virus identified as a member of the polyomavirus genus (Mfiller & Nitschke, 1986; Lehn & Mtiller, 1986) . Meanwhile, two other polyomaviruses have been isolated from different avian species: BFDV-2 from a chicken, and BFDV-3 from a parrot (Stoll et al., 1993) . Whereas mammalian polyomaviruses typically cause innocuous persistent infections in nonimmunocompromised hosts (Norkin, 1982; Tooze, 1981 ; Howley, 1983; Shah, 1990) , avian polyomaviruses were recognized as aetiological agents of acute lethal disease; BFDV-1 was isolated from nestling budgerigars suffering from a multisystemic infection with high mortality rates [budgerigar fledgling disease; see Lehn & Mfiller (1986) for references] and BFDV-3 was isolated from a macaw exhibiting similar signs of disease. On the other hand BFDV-2 remains to be established as a causative agent of disease in chickens.
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observed in the viral genomes (Rott et al., 1988; Stoll et al., 1993) . In particular, there are fundamental deviations in the non-coding region and a considerable reduction in size of the large T antigen. In view of such structural and biological characteristics it has been proposed that these polyomaviruses should be placed in a distinct subgenus, designated Avipolyomavirus (Stoll et al., 1993) .
Mammalian polyomaviruses are largely speciesspecific, and they will infect only one or a few closely related species (Shah, 1990) . In contrast, avian polyomaviruses are able to replicate in cultured cells prepared from a variety of avian species; e.g. BFDV-1 isolated from budgerigars replicates in cultured budgerigar embryo cells, in cultured chicken and Muscovy duck cells (Stoll et al., 1993) , as well as in cells prepared from embryonated quail eggs and established cell lines of avian origin (H. Mtiller, unpublished). As we started to investigate the molecular basis of this relatively broad host range, a naturally occurring case of host restriction for one of the BFDV strains was of particular interest.
The basic size of all three BFDV genomes was determined to be 4981 bp (Rott et al., 1988; Stoll et al., 1993) . Although the genomes differ by up to only 15 bp (nine amino acids), these viruses show distinct degrees of tropism for cultured cells of various avian species: all three viruses replicate with different efficiencies in Muscovy duck embryo (MDE) ceils, and both BFDV-1 and -2 but not BFDV-3 replicate in chicken embryo (CE) cells (Stoll et al., 1993) . By constructing hybrids of the three BFDV genomes and by using site-directed mutagenesis we were able to demonstrate that this host restriction of BFDV-3 is due to a single amino acid difference within the common carboxy-terminal part of the structural proteins VP2/VP3: Gly in position 221 prevents BFDV-3 from replicating in CE cells, whereas Val in BFDV-1 and Ala in BFDV-2 will allow replication in this cell type.
Methods
Cells and viruses. The preparation of CE cells and MDE cells has been described (Stoll et al., 1993) ; cells were cultured at 38 °C and maintained in Dulbecco's modified Eagle's medium supplemented with 5 % fetal calf serum. The isolation and characterization of avian polyomaviruses BFDV-1, -2 and -3 have been described recently (Stoll et al., 1993) . Viruses were purified from infected cell cultures and concentrated by centrifugation in CsC1 gradients essentially as described (MfiUer & Nitschke, 1986) .
Isolation of viral nucleic acids, reverse transcription of RNA and amplification ofcDNA by PCR. Viral DNA was prepared from purified virus particles as described (Stoll et al., 1993) or released from virusinfected cultured cells by extraction of monolayers (Hirt, 1967) . RNA was isolated from infected cell cultures by the acid guanidinium isothiocyanate method (Chomcynski & Sacchi, 1987) , and used for synthesis of cDNA. The GeneAmp RNA PCR kit provided by PerkinElmer Cetus was used. Two lag of total cellular RNA extracted from BFDV-infected cells was mixed with 1 lal of 50 mM-dT1G, heated to 100 °C, and then kept at room temperature for 20 min. First-strand cDNA synthesis was performed at 40 °C for 60 min, using 50 units of Moloney routine leukaemia virus reverse transcriptase in a 40 lal volume of buffer (50 mM-KCI, 10 mra-Tris-HC1 pH 8.3, 5 mM-MgCI~) in the presence of 1 mM each of dATP, dCTP, dGTP, dTTP and 20 units of RNasin (Promega). The reaction was terminated by heating to 100 °C for 5 rain. Nucleic acids were precipitated and resuspended in 50 lal of water. Ten lal volumes were used for second-strand cDNA synthesis and PCR amplification with two early mRNA-specific primers (25 taM) : 5' TCATGGAGGAATTCCGTGAGACC 3', 5' TTCTAGC-TGAAGCTCGAGCAACG 3' (corresponding to nucleotide positions 4833 to 4811 and 4262 to 4284, respectively) and 0-5 units of AmpliTaq DNA polymerase. PCR amplification was carried out for 40 cycles with a 'touchdown' program (Don et al., 1991) in a DNA thermal cycler (Perkin-Elmer Cetus). Each cycle included denaturation at 94 °C for 1 min, reannealing of primers at 68 to 58 °C (1 °C decrease per cycle until 'touchdown' at 58 °C) for 2 min, and extension at 72 °C for 2 min. The final products were phenol-chloroform-extracted and analysed by agarose gel electrophoresis.
Southern blot hybridization analysis. Viral DNAs extracted from infected cell cultures by the Hirt method were digested with PstI or EcoRI and subjected to electrophoresis in 0.75% agarose gels (SeaKem; FMC BioProducts). Thereafter, DNA was transferred to Hybond-N+ nylon membranes (Amersham Buchler) according to standard procedures (Sambrook et al., 1989) . The ECL direct system (nucleic acid labelling and detection systems) provided by Amersham Buchler was used according to the manufacturer's instructions. PstI fragments of BFDV-1 DNA were used as a a2P-labelled gene probe.
Construction of BFDV hybrids and viral DNA transfection.
For the construction of hybrid genomes with DNA fragments exchanged between BFDV-I, -2 and -3, viral DNAs cloned into pUC931 (Stoll et al., 1993) were cleaved at structural boundaries with single-cutting enzymes: NarI (bp 647), BamHI (bp 2309) or SacI (bp 4957), two at a time. The resulting fragments (Fig. 1) were ligated with complementing DNA fragments from one of the other two BFDV strains to yield fullsize genomic clones, and the constructions were confirmed by restriction enzyme mapping or partial sequencing. After SalI cleavage for removal of the prokaryotic vector segment, these hybrid BFDV genomic DNAs were transfected into CE or MDE cells using the CellPhect Transfection Kit (Pharmacia) following the instructions of the manufacturer.
Site-directed mutagenesis. For unrestricted sequence combinations regarding positions 1601 and 1638, a 355 bp Apal fragment (bp 1394 to 1749) of BFDV-1, -2 or -3 was cloned into pBluescript II K(+) (Stratagene) and thereafter inserted into phage M 13mp 19 via flanking Kpnl and HindlII restriction sites. Site-directed mutagenesis was carried out using the oligonucleotide-directed in vitro mutagenesis system version 2 (Amersham Buchler), based on the procedure described by Taylor et al. (1985) . Two different complementary 19-mer oligonucleotides (bp 1593 to 1611) were used to convert A into G, or G into A at position 1601, respectively. After transformation of Escherichia coli K12 TGI cells, nucleotide changes were confirmed by ssDNA or dsDNA sequencing of plaque-forming phage DNAs.
Serological analysis of proteins expressed in vitro. These were performed by SDS PAGE and immunoblotting with antibodies directed against BFDV-l particles (i.e. late proteins) or BFDV-1 large T/small t antigen as described (Stoll et al., 1993) .
Haemagglutination (HA) titres.
The HA test was conducted as described by Freund et al. (1991) , using TD saline (137 mM-NaC1, 51 mM-KC1, 0-38 mM-Na2HPO 4 . 7H20, 24.8 mM-Tris-HC1) at different pH values, and employing chicken or Muscovy duck red blood cells, respectively. Briefly, twofold dilution steps of virus preparations were made in TD saline and equal volumes of 0.5 % erythrocyte suspensions in the same buffer were added. After incubation for 90 min at 4 °C HA titres were defined as the reciprocal of the highest dilution of virus suspension showing complete agglutination of erythrocytes.
Results

Construction of hybrid variants of BFDV-1, -2 and-3
To determine the functional segment within the BFDV-3 genome responsible for the restricted host range of this virus strain with regard to CE cells, the genomes of BFDV-1, -2 and -3 were fragmented into three functional domains (Fig. 1) . The first domain (SacI, bp 4957 to NarI, bp 647) spans the non-coding region, the second one (NarI, bp 647 to BamHI, bp 2309) covers the late genes in conjunction with the region of the agno gene(s), and the third one (BamHI, bp 2309 to SacI, bp 4957) encodes the T/t antigens. A 151 bp duplication/4bp deletion present in the original isolate of BFDV-2 which extends from a short segment encoding the aminoterminal part of the T/t antigen into the consecutive noncoding region (bp 4962 to bp 131 ; Stoll et al., 1993) was disregarded, since it has been found deleted without any consequences in subclones during virus propagation (R. Stoll, unpublished observation). The structural boundaries selected relate to the presence of unique restriction sites near actual functional boundaries, with 
A ( Rott et al. (1988) ]. Restriction sites used in exchanging fragments for construction of viral hybrid genomes (see Table 1 ) are indicated at the respective boundaries. 
Non-coding+early (BFDV-1) NarI-BamHI HY8-BFDV-3
Non-coding+early (BFDV-2) NarI-BamHI HY9-BFDV-3
Non-coding+late (BFDV-1) SacI-BamHI HY10-BFDV-3 Early+late (BFDV-1) SacI-NarI no amino acid changes occurring in the remaining terminal regions. Constructions of recombinant hybrid strains were based on the genome of strain BFDV-3, in the expectation that the aberrant host range of this strain could be altered via single fragment switching from one or both of the two other strains. In addition, the noncoding region together with the early genes, or the noncoding region plus the late genes of BFDV-1 or -2 were exchanged in combination, with respect to potential strain-specific interactions between these pairs of virus genome domains in infected cells (see Chuke et al., 1986 for references). The hybrid genomes constructed are listed in Table 1 . The ability of recombinant DNA HY1-BFDV-3 to HY10-BFDV-3 to replicate was tested by transient calcium phosphate transfection into CE and MDE cells. After 4 days the transfected cells were frozen and thawed three times, cell debris was removed by centrifugation and the supernatant was used to infect fresh monolayers of both cell types. After a second passage as above, determination of early and late proteins by immunoblotting as described (Stoll et al., 1993 ) unequivocally showed the presence or absence of infectious viral particles after transfection of hybrid virus DNAs. In no case has only the expression of early genes been observed.
One of these immunoblotting experiments is shown in However it is also evident from Fig. 2 (c, d) , that HY4-BFDV-3 (lane 7) and HY3-BFDV-3 (lane 8) were no longer capable of replicating in MDE cells, whereas all other hybrids still replicated, with different efficiencies, in this cell type. To analyse further the inability of hybrids HY3-BFDV-3 and HY4-BFDV-3 to replicate in MDE cells, recombinants HY9-BFDV-3 and HY10-BFDV-3 (see Table 1 ) were constructed in which the late genes plus the non-coding region or the early genes together with the late genes of BFDV-3 had been exchanged, respectively. However, the results of transfection/ infection experiments with this type of recombinants were the same as before, underlining the significance of the late genes (or their products) for cell specificity.
Site-directed mutagenesis in the VP2/VP3 region
A comparison of the nucleotide sequences encoding structural proteins VP1 and VP2/VP3 of the three BFDV isolates revealed four nucleotide changes (see Fig.  1 ). Two of these changes appeared to be irrelevant with regard to host specificity of BFDV-3: an inversion A to T at position 1330 resulted in a silent mutation (Ile in VP2/VP3 of all strains). At nucleotide position 2289, T was replaced by G in BFDV-2 DNA, which resulted in Val instead of Phe as present in VP1 of either BFDV-1 or -3; however BFDV-1 and -2 were shown to share the same host specificity. Therefore, either a change at nucleotide position 1601/amino acid number 209 in VP2 (BFDV-1 and -2, A/Ser; BFDV-3, G/Gly), or at nucleotide position 1638/amino acid position 221 should be responsible for that phenotypic trait of BFDV-3. At position 1638 all three virus strains exhibited different nucleotide sequences: T in BFDV-1, C in BFDV-2 and G in BFDV-3, resulting in Val, Ala or Gly at the corresponding amino acid position, respectively. These 
considerations defined positions 1601 and 1638 as candidates for site-directed mutagenesis, since there is no useful restriction site available for an alternative fragment switching operation between the two closely spaced positions. For the construction of the desired combinations of amino acids at positions VP2-209 and VP2-221,355 bp ApaI-ApaI fragments spanning bp 1394 to 1749 in the three viral isolates were inserted into M13mpl9 and used as templates for in vitro mutagenesis via bp 1601 mismatch-carrying oligonucleotides. The resulting changes were determined by sequencing, and mutagenized DNA segments were inserted into plasmid BFDV DNAs of each of the three virus strains to obtain the desired combinations of amino acids as listed in Table 2 . Viral DNAs isolated from the various mutant clones via SalI fragmentation were transfected into CE and MDE cells, and virus protein synthesis was detected after two passages by immunoblotting as described in the previous section. The results of these experiments are shown in Fig. 3 . Comparison of protein expression in the transfected and infected cells shows that species specificity of the BFDV variants under investigation is determined by the nucleotide sequence at position 1638 which determines amino acid 221 in VP2/VP3. For example, MU1-BFDV-3 (lane 5) replicates in MDE ceils, but not in CE cells. This species specificity, corresponding to BFDV-3, can also be demonstrated for MU4-BFDV-2 and MU7-BFDV-1, respectively. Changing Gly in BFDV-3 to Ala as in BFDV-2 or Val as in BFDV-1, respectively, enables these mutants to replicate in CE cells (lanes 6 and 7). These mutants also do not replicate in MDE cells, similar to hybrids HY3-BFDV-3 and HY4-BFDV-3 mentioned above (Fig. 2) . In BFDV-1 and -2 substitution of Ser at position 209 with Gly as in BFDV-3 does not affect the species specificity of these two virus strains.
Transfection circumvents species specificity
The results of the experiments described above show that alterations at position 1638 determine species specificity of the three BFDV strains under investigation: T and C, resulting in amino acids Val or Ala, respectively, enable replication in CE as well as in MDE cells; G, resulting in Gly, restricts replication to MDE cells. No virus-specific early or late proteins have been observed in CE cells infected with BFDV-3 type variants. In contrast, small amounts of early and late gene products were discernible following transfection of CE cells with genomic BFDV-3 DNA. However, virus-specific polypeptides were not expressed in the same cell type after one passage using supernatants of the transfected cell cultures (not shown). To determine whether infectious virus particles were indeed produced in the restricted cell type following transfection with hybrid or mutant DNAs, supernatants of the transfected ceils were used for the inoculation of permissive MDE cells. Production of early and late viral proteins, in addition to further passaging in these experiments, revealed that virus particles were produced following transfection, and not infection of cultured cells of the restricted species. These particles could then be used to infect cells of the permissive species (data not shown).
Characterization of the block during the productive cycle
Sialic acid attached to galactose via an ~2,3-1inkage has been identified as cellular receptor determinant for BFDV-1 (H. Miiller & G. Herrler, unpublished) , interacting with VP1 as the viral ligand (Shah, 1990; S. Godde, G. Hobom & H. Mfiller, unpublished) . To test for potential conformational changes exerted upon VP1 of BFDV-3 owing to an amino acid difference in VP2/VP3 at position 221, comparative HA tests were performed with the three BFDV types at various pH values (Freund et al., 1991) , using chicken and Muscovy duck red blood cells. However it became apparent that HA titres for all three virus types obtained at pH values 6"0 to 6.25 with Muscovy duck as welt as chicken red blood cells were always very similar (data not shown), which argues against any conformational alteration in BFDV-3 VP1 as a consequence of the VP2/VP3 mutation.
In BFDV-l-infected CE cells, unspliced and spliced early viral mRNAs can be demonstrated at 16 h postinfection (p.i.) (D. Luo, J. Li, H. Miiller & G. Hobom, unpublished) . To answer the question of whether early mRNAs were present in BFDV-3-infected CE cells, total mRNAs were isolated from CE cells infected with BFDV-1, -2 or -3 and were reverse-transcribed using oligo(dT) primers. Primers specific for flanking positions Table 2 .
of the large T antigen sequence were used to amplify an early mRNA segment by PCR. For unspliced mRNA a 571 bp fragment and for spliced mRNA a 376 bp cDNA fragment were expected since a 195 bp intron is removed from the large T antigen messenger RNA (D. Luo, personal communication). The analysis of amplified cDNAs by agarose gel electrophoresis is shown in Fig. 4 . It is evident that cDNAs corresponding to spliced mRNA are present only in CE cells infected with BFDV-1 (lane 2) or BFDV-2 (lane 3); in BFDV-3-infected CE cells, small amounts of only unspliced cDNA can be detected, which in the absence of spliced cDNA are likely to originate from traces of viral DNA rather than viral RNA molecules (lane 4). To detect replication of viral DNA in infected cells, CE and MDE cells were infected with BFDV-1 or -3, respectively. Total DNA was isolated from infected cells at 26 h p. in MDE cells infected with BFDV-1 (lane 9) or BFDV-3 (lane 10). Trace amounts of viral DNA present in BFDV-3-infected CE cells were also present when infected cells were analysed immediately after an adsorption period of 45 min, and are likely to represent unreplicated parental DNA originating from adsorbed or phagocytosed viral particles.
Discussion
Comparison of the nucleic acid sequences of the three BFDV types revealed multiple single base pair substitutions, several of which also result in amino acid changes (Stoll et al., 1993) . By constructing hybrid genomes by fragment exchanges and in site-directed mutagenesis we were able to show that Gly at position 221 in the common region of the minor viral proteins VP2/VP3 of BFDV-3 allows replication of this type in MDE cells, but prevents its replication in CE cells. In the absence of a plaque assay, virus replication was deduced from the production of stained early and/or late polypeptide bands in immunoblotting experiments, and from the production of viral progeny. We conclude that the efficiency of replication in CE cells of various hybrid BFDV-3 genomes, or genomes mutated in positions other than VP2-221, is similar to that of BFDV-1 or -2. All of the three amino acids observed at position 221, Val in BFDV-1, Ala in BFDV-2 and Gly in BFDV-3, are uncharged amino acids that differ only in their size. Owing to the absence of any side-chain Gly is known to increase the flexibility of polypeptide chains and to allow the formation of turns and loops. Such conformational changes may also occur in the case of BFDV-3 VP2/VP3. It is possible that a nuclear localization signal demonstrated in VP2/VP3 (Rihs et al., 1991) is indirectly affected in this way, or other features of VP2/VP3 during uncoating and transfer to the nucleus. VP2 has been shown to be N-terminally myristylated (Schmidt et al., 1989) ; it is possible that conformational changes might influence the (until now unclear) function(s) of this posttranslational modification of VP2.
Introduction of the BFDV-3 genome into CE cells by Ca~+-mediated transfection clearly showed that host restriction was not exerted in the nucleus as a block in the production of virus particles; infectious progeny was formed in transfected cells, but was unable to initiate a second round of replication via infection of CE cells. However virus particles produced in CE cells were able to replicate in the fully permissive MDE cells and achieve several productive cycles. These results show that CE cells are not intrinsically non-permissive to BFDV-3 and that the block occurs at an early step during the infection cycle.
HA in polyomaviruses has been shown to be a reliable indicator for adsorption properties (Crawford, 1962; Eddy et al., 1958) and, similarly to other polyomaviruses, it has been shown that it is BFDV-1 VP1 that interacts directly with cell receptors (S. Godde, G. Hobom & H. Miiller; unpublished). Nucleotide differences have not been observed between the genes encoding VPI of BFDV-1 and -3 (see Fig. 1 ) and, therefore, virus adsorption may be undisturbed as is demonstrated in the HA experiments. Our Southern blotting experiments also demonstrated that BFDV-3 DNA was associated with infected CE cell membranes as soon as 45 rain after infection, indicating specific virus-receptor interactions. For polyoma virus (Py) and simian virus 40 (SV40), biochemical and morphological studies revealed that the virions adsorbed to the surface of the plasma membrane are internalized by endocytosis and that the resulting endosomes are transported across the cytoplasm to the nucleus where uncoating occurs (Shimura et al., 1987) . The mechanisms determining the fate of the virus particle within the cytoplasmic vacuole are obscure; they are likely to consist of an interaction of specific cellular factors with the virus particle. Uncoating at the nuclear pores or in the nucleus (Dales, 1973; Bukrinskaya, 1982) occurs through a series of virus-and cell-dependent reactions which in several steps remove surface-protective structures from the virus particle. The final product of uncoating may be a viral DNA minichromosome. The host proteins in this complex apparently represent the histones and proteins of the nuclear matrix (Winston et al., 1980) . Such a complex has been described for SV40 (Brady et al., 1980) and Py (Bolen et al., 1981) . The absence of spliced early mRNAs and replicated viral DNAs in BFDV-3-infected CE cells supports our assumption that host restriction occurs at the level of, or prior to, uncoating.
In polyomaviruses, protein stoichiometry in virions suggests the presence of one polypeptide chain of either VP2 or VP3 per every eight molecules of VP1. In SV40 and Py, VP2 and VP3 have been identified as projections reaching outward from the core into the pentamer positions formed by VP1 molecules at the virion corners. It has been speculated that these minor proteins thus form a scaffold or bridge between the minichromosome and the outer capsid shell and may function to direct the assembly of the highly ordered capsid on the nucleohistone core (Liddington et al., 1991; Griffith et al., 1992) . Deletion mutants of SV40 that lack the VP2-specific segment were found to propagate slowly and inefficiently, but following deletion of the VP3 gene no viable progeny could be detected (Cole et al., 1977) .
Hybrids HY3-BFDV-3 and HY4-BFDV-3, which contain late genes of BFDV-1 or BFDV-2, respectively, and also hybrids HY9-BFDV-3 and HY10-BFDV-3, with the non-coding region plus the late genes of 
